Predicting the stability of chemical compounds as a function of solution chemistry is crucial towards understanding the electrochemical characteristics of materials in real-world applications. There are several commonly considered factors that affect the stability of a chemical compound, such as metal ion concentration, mixtures of ion concentrations, pH, buffering agents, complexation agents, and temperature. Chemical stability diagrams graphically describe the relative stabilities of chemical compounds, ions, and complexes of a single element as a function of bulk solution chemistry (pH and metal ion concentration) and also describe how solution chemistry changes upon the thermodynamically driven dissolution of a species into solution as the system progresses towards equilibrium. Herein, we set forth a framework for constructing chemical stability diagrams, as well as their application to Mg-based and Mg-Zn-based protective coatings and lightweight Mg-Li alloys. These systems are analyzed to demonstrate the effects of solution chemistry, alloy composition, and environmental conditions on the stability of chemical compounds pertinent to chemical protection. New expressions and procedures are developed for predicting the final thermodynamic equilibrium between dissolved metal ions, protons, hydroxyl ions and their oxides/hydroxides for metal-based aqueous systems, including those involving more than one element. The effect of initial solution chemistry, buffering agents, complexation agents, and binary alloy composition on the final equilibrium state of a dissolving system are described by mathematical expressions developed here. This work establishes a foundation for developing and using chemical stability diagrams for experimental design, data interpretation, and material development in corroding systems.
INTRODUCTION
Corrosion, catalysis, batteries, fuels cells, electrosynthesis, and high temperature oxidation are all areas of chemical science and technology that make use of various diagrams that summarize and map out chemical/electrochemical equilibria as a function of electrode potential, pH, temperature, pressure, etc. Chemical speciation diagrams track the fractional amount of various species of a certain component (such as H 2 CO 3 , HCO 3 − , CO 3 2− ) as a function of pH for a specified component concentration. [1] [2] [3] Phase diagrams depict the dominantly stable equilibrium metallic or intermetallic phase (in the solid or liquid state) as a function of temperature and constituent composition. 4 In high temperature/ dry oxidation, the Ellingham diagram maps the enthalpy of formation of an oxide comprised of metallic elements as a function of temperature for reactions between the metal and various gaseous phases (O 2 , CO 2 , H 2 O) at equilibrium. 5 The concentration of various types of defects in these oxides can be plotted as a function of the O 2 partial pressure with a Brouwer (or Kröger-Vink) diagram. In electrochemistry, the E-pH diagram describes the phase stability of various metals, their dissolved cations or anions, and metallic compounds as a function of pH, electrode potential, and species concentration. 6, 7 This E-pH diagram has been extended to applications, such as nanocluster materials, high temperature conditions, species complexation, and surface science. [7] [8] [9] [10] [11] These equilibrium diagrams have all been employed to predict the thermodynamic feasibility of various reactions and the stability of reaction products as a function of key variables of concern.
Another related and highly complementary diagram, which was published alongside the E-pH diagram for many of the elements in Pourbaix's E-pH Atlas, 6 is largely under-utilized. This diagram, which was unnamed in the Pourbaix Atlas, will be referred to here as the chemical stability diagram (Fig. 1 ). It is a graphical representation of the chemical stability of various metallic (or otherwise) compounds principally formed with OH − but possibly also with a host of aqueous species (Cl − , CO 3 2− , PO 4 3− , etc) as a function of pH and aqueous metal ion concentration, [M n+ ]. 6 The electrochemical behavior of a material is often governed by pH, metal ion concentration, formation of surface oxides and hydroxides, etc., all of which are schematically represented by and analyzed in the chemical stability diagram for specific material systems.
The goal of this work is to demonstrate the invaluable utility of chemical stability diagrams (which predict the stability of corrosion reaction products) towards enhancing the understanding of many engineering-relevant electrochemical systems where the compounds formed depend on ionic content and pH. We demonstrate the derivation and use of chemical stability diagrams here by highlighting three metal-electrolyte systems in which the chemical stability diagram can be utilized to elucidate a deeper understanding of the chemistry pertinent to corrosion behavior in innovative, yet radically different material systems. These analyses also serve to inform unexplained results in these case studies, as well as to supplement previously reported results with farreaching, application-relevant stability predictions. Furthermore, new developments in the methods for chemical stability diagram construction and formulation are reported.
This work demonstrates the powerful analysis which can be performed by a chemical stability diagram framework, especially when deployed in tandem with existing thermodynamic diagram frameworks (such as speciation diagrams, E-pH diagrams, and phase diagrams). The use of these diagrams broadens the methods with which to analyze observations and behaviors in chemical, electrochemical, and geological applications.
RESULTS AND DISCUSSION
Case study I-solution chemistry evolution of an alloyed electrode: Mg-Zn pigments for metal rich coatings Sacrificial anode-based cathodic protection is commonly employed for corrosion prevention in structural materials. 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Some proven systems employed for this purpose include Znbased coatings for steel and Mg-based and Al-based coatings for aluminum alloys. 3, [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] All of these systems function primarily by galvanic coupling of the anodic metal pigments to another material in order to suppress corrosion degradation. The performance of the galvanic couple is influenced by pH, metal ion concentration, pigment passivation, pigment composition, and ionic strength. 23, 26 These factors are considered in utilization of the chemical stability diagram, which predicts final equilibrium solution chemistry.
Mg-Zn alloyed pigments have been developed in an effort to combine the beneficial corrosion product formation associated with Zn 2+ cations with the greater galvanic protection potential driving force of the Mg metal (i.e., larger OCP difference). 2, 18, [30] [31] [32] [33] [34] The work by Plagemann et al. will be used here to exemplify the utility of chemical stability diagrams. 18 Most notably, a thermodynamic framework is needed to explain the observed disparity in corrosion product (unidentified) formation as a function of different Mg-Zn pigment compositions exposed to constant salt spray exposure testing. 18 Mg-Zn stability diagram development. Chemical stability diagrams for Mg-Zn alloy pigments on an aluminum alloy substrate can be used to ascertain how the condition of solution chemistry known here as the chemical solution trajectory ([M n+ ] and pH) is affected when the dissolving material produces various ratios of M A n+ and M B n+ . The anodic charge produced during metallic oxidation at the Mg/Zn pigment is balanced by cathodic charge from mainly the hydrogen evolution reaction and to a lesser extent oxygen reduction reaction. For dissolution of the alloyed pigment, the anodic charge will be divided between Mg and Zn. This division alters their individual chemical trajectories from the case of either pure M A or M B . As a first order approximation, it was assumed here that congruent dissolution occurred such that the anodic charge was distributed between Mg and Zn atoms according to the atomic fraction of each within the alloy. Assuming open-circuit congruent dissolution of Mg and Zn, a new expression was developed which more generally describes the [Mg 2+ ] and pH trajectory for any alloy composition (see Supplementary Methods Section 2 for more details), given in Eq. 1. Fig. 3 . This Mg/Zn atomic fraction was selected based on the predominance of the Zn 2 Mg intermetallic compound in the Mg-Zn alloys, invariant of the bulk alloy atomic fraction.
Mg-Zn stability diagram predictions and results. Several useful inferences can be made from the chemical stability diagram treatment derived here. Firstly, the metal with the harshest requirement on equilibrium (highest metal ion concentration and pH needed to form the equilibrium corrosion product under consideration) dictates the final pH, as it is the last to reach equilibrium. Here, the final pH of the alloy system is closer to the expected equilibrium pH for a pure Mg system than for a pure Zn system.
Secondly, the composition of the Mg-Zn alloy can be varied to investigate how the final equilibrium solution chemistry will change. The case of pure Zn or pure Mg dissolution equilibrium has been discussed in the Methods (Eq. 9). For very dilute compositions of Mg, the trend would progress according to the trajectory established above (Eqs. 1 and 2) but could stop if the system is not able to supply the [Mg 2+ ] required for Mg(OH) 2 equilibrium due in this case to easy depletion of available Mg atoms in the pigment. For moderate Mg compositions (such as those presented in the study 18 ), the final solution chemistry of the Mg-Zn system was predicted to be invariant of Mg or Zn composition. This is due in part to the relative disparity in ZnO stability and Mg(OH) 2 2 equilibrium. This effect is due to the fact that the higher Zn alloys will first attain ZnO equilibrium at higher [Zn 2+ ]. This decrease in [Zn 2+ ] is achieved by precipitating ZnO from solution, which conforms to the experimental finding that higher Zn content alloys exhibited more corrosion product coverage after exposure. 18 Overall, these theoretical analyses indicate an optimal Zn corrosion product production for a Mg-Zn composition rich enough with Zn to intersect Zn 2+ equilibrium at high [Zn 2+ ] but also with enough Mg to promote alkalization and further ZnO production.
The samples highlighted in this case study were subjected to a constant salt spray immersion test 18 where the exposing electrolyte was constantly replenished to maintain initial solution chemistry. However, corrosion product formation can still occur if the solution becomes stagnant or occluded on the sample surface such that the solution is not replenished. Additionally, in field exposures, wetting and drying cycles introduce periods of stagnation which also play a role in corrosion product formation. Corrosion product formation was hypothesized to play an important role in protecting the substrate during salt spray exposure, 18 therefore conditions for ZnO and Mg(OH) 2 formation will determine the corrosion product protection capacity of the metal-rich primer system. Several other performance predictions can be derived from these relationships, including the protective pigment capacities of the coating, critical solution volumes, and corrosion product saturation chemistry for any given initial ion content and pH. Specifically, these predictions may be summarized as follows: solution is needed for a given area of coating before corrosion product formation is impeded. 4. Given a thin deliquescent film or a spray film volume, the number of wetting and drying cycles required to exceed the ability to achieve M A n+ and M B n+ saturation due to pigment depletion can be determined.
The same procedures outlined here for the ZnO chemical stability diagram can be applied to chemical stability diagrams constructed for any possible Zn-based corrosion products given the relevant thermodynamic inputs. 2, 30, [32] [33] [34] Whereas this case study examined the effect of changing the nature of the dissolving interface 2,18 on the final state of equilibrium, the next section will investigate the effect of changing the nature of the electrolyte on final chemical equilibrium.
Case study II-solution chemistry effects on final equilibrium: Mgrich primer (MgRP) in two different electrolytes The initial solution chemistry of an electrolyte can have an effect on the trajectory and final equilibrium of an evolving system, as discussed in the Methods and as shown in Fig. 1 . A recent study evaluated the performance of a MgRP on 2024 in two different electrolyte solution chemistries. 3 One solution (1 wt% NaCl) is representative of common laboratory solution exposures, while the other solution (dilute Harrison solution, DHS of a given composition) is meant to simulate an outdoor atmospheric solution exposure. DHS is slightly more acidic than the 1 wt% NaCl solution and also contains NH 4 + and SO 4 2− ions, which influence the pH and the formation of Mg-derivative products, as noted by the authors. 3 It was found that exposure in DHS resulted in a lower final solution pH and greater depletion of the Mg pigment from the coating. 3 Chemical stability diagrams will be used here to quantitatively describe and predict the evolution and final equilibrium solution chemistry for both of these solutions. Specifically, a customized chemical stability diagram will help explain observations made in the case study with regards to pigment depletion and pH evolution in different electrolyte solutions and will show how the effects are explained by thermodynamic principles. observation that, compared to the NaCl solution, the DHS system had much more depletion of Mg pigment in the primer, attributed here to the higher requirement of [Mg 2+ ] needed to form Mg(OH) 2 in DHS. In contrast, Mg pigment depletion was mitigated in the NaCl solution and Mg(OH) 2 was observed to form on the surface of the Mg pigments. 3 The question of how the electrolyte chemistry affects the equilibrium conditions for a corroding system has been examined in this module. Following the treatment established here, chemical stability diagrams can be utilized to assess a wide variety of solution effects, such as complexation effects with binding anions and cations, various pH buffering effects, metal cation buffering effects, solution volume effects, etc. Since the initial solution chemistry of a test electrolyte has been shown to affect the final equilibrium conditions of a corroding system (Figs. 1, 4) , it is clear that results depend on experimental details such as consideration of different solution chemistries that exist for different types of laboratory and field exposure. 3, 33, 34 For example, differences in solution volume (as with bulk vs. spray vs. thin film vs. droplet exposure), solution composition (as with NaCl vs. DHS vs. sea water [artificial or otherwise] vs. rain water), and solution aeration (as with deaerated vs. aerated vs. pollutant air) are expected to produce important differences in final equilibrium. Previous research on MgRP has shown that testing in laboratory exposure results in different protection performance with regard to pigment depletion and corrosion product formation as compared to field exposure. 24, 27, 28 Field exposure shows variable deposition of Mg corrosion products in scratches made in the coating with variation in the exposure condition. 24, 27, 28 This effect is not unique to MgRP, as similar deposition of Mg corrosion products into remote scratches has been observed for MgO-rich primers (MgORP). 35 Though there are differences in the extent of deposition, it is clear that Mg 2+ deposition has an important effect on the protection performance of MgRP and MgORP, 35 and that the difference between laboratory and field exposure is important. The influence of the exposure environment on material performance will be explored in the next case study.
Case study III-effects of environment on final equilibrium: Mg-Li passivating alloys in the presence of carbonate The formation of a passivating film that prevents significant corrosion damage from occurring is crucial for many corroding systems. For example, a Mg-Li alloy has been developed for aerospace applications that offers spectacular strength-to-weight ratio while also having good atmospheric corrosion resistance, which is attributed to the formation of a passivating Li 2 CO 3 surface layer. 36 The specific Li alloying concentration was designed to stabilize a solid-solution body-centered cubic crystal structure for a Mg-based solid solution instead of the normal hexagonal close-packed crystal structure. 36 While the Li addition was intended to improve corrosion resistance by promoting a homogenous solid-solution phase, it was also reported to have the unanticipated benefit of forming a Li-based passivating film. 36 The conditions of stability for this vital passivating film can be explored using chemical stability diagrams.
Mg-Li stability diagram development. It is first necessary to determine what compounds should be considered when developing a chemical stability diagram for the Mg-Li alloy system. As is common for outdoor exposure, and as was found in this Mg-Li study, carbonate compounds are formed and can be considered along with the usual oxide/hydroxide compounds. 2, 24, 30, [32] [33] [34] [36] [37] [38] The stability of a carbonate compound depends on the concentration of the carbonate ion as a function of pH, as the carbonate ion can participate in proton exchange reactions according to the stability of its variously protonated species as a function of pH. 39 The total concentration of each carbonate species present as a function of pH can be calculated as expressed by Eq. 4 for CO Here C is the total concentration of all carbonate species in solution (H 2 CO 3 + HCO 3 − + CO 3 2-), which in turn depends on pH and the partial pressure of CO 2 in the atmosphere. 39 A variety of different total carbonate concentrations can be calculated depending on the conditions of atmospheric exposure. In this treatment, C will be theoretically varied from 1.2 to 1.2 mM in a closed system (for an atmospheric CO 2 partial pressure of 4 × 10 Buffering agents have the effect of increasing the amount of metal ion production (line 3) required to increase the pH by the same amount as an unbuffered solution (line 9)
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the Mg composition atomic fraction, n is the number of electrons produced by the oxidation of a single Li atom, and K a1 and K a2 are the equilibrium constants of the two carbonate cycle protonation reactions: 
ÀpH init À 10
Mg-Li stability diagram results and predictions. From Fig. 5 36 However, these conclusions also suggest that the Mg-Li alloy proposed by these authors is most corrosion resistant for alkaline service conditions (>pH 10) where the carbonate compounds are most stable, which is a noteworthy finding.
It is interesting to note that MgCO 3 is thermodynamically stable over a broader range of pH and [M n+ ] than Li 2 CO 3 for equivalent carbonate concentrations, even though Li 2 CO 3 was detected by Xray photoelectron spectroscopy (XPS) and MgCO 3 was not. 36 Additionally, the Li 2 CO 3 film is much less stable than other classic passivating films such as Al 2 O 3 , TiO, NiO, FeO, Cr 2 O 3 , etc. which are able to form at [M n+ ] as low as 10 −10 M, compared to 0.1 M for Li 2 CO 3 (Fig. 5) . 6 This prompts the question of whether or not there might be some other Li 2 CO 3 -derivative compound (such as a lithium carbonate hydrate) which is more stable than either Li 2 CO 3 or MgCO 3 . This could explain why a Li 2 CO 3 peak was detected with XPS instead of an MgCO 3 peak. 36 Alternatively, the authors proposed that the large volume fraction of Li-rich zones in the alloy results in preferential oxidation of Li compared to Mg. 36 The difference in Nernst potentials of Li and Mg may enable more oxidation of Li compared to Mg, as is commonly seen for alloys comprised of components with substantially different Nernst potentials. 6, 13, [40] [41] [42] In the case of a congruently corroding binary alloy, the anodic charge was equally distributed between each element according to the composition ratio of the alloy. The procedure developed in Case Study I applicable to congruent dissolution of a corroding A-B alloy represented by a given
] concentration can be modified to account for concentration differences consistent with dissolution of one element over another. In this case of preferential dissolution, the anodic charge could be distributed in other ways. Additionally, a similar treatment can be used to contrast the ease with which a Li 2 CO 3 film is able to form on the "Mg-rich" α phase compared to the "Li-rich" β phase, as it was suggested that the Li 2 CO 3 film was able to form on the β phase but not the α phase. 36 It is noted that, should the dominant surface film transition from Li 2 CO 3 to MgCO 3 , passivating protection of the alloy may be lost.
Extended utility of chemical stability diagrams
The approach developed in this analysis finds easy application in several other corrosion and materials engineering challenges facing society at large, especially when properly paired with other existing thermodynamic diagram frameworks. The performance of passivating materials ("stainless" engineering materials) readily depends on the thermodynamic stability of the various oxide films being considered for protection. [43] [44] [45] Likewise, concepts crucial to passivation breakdown such as oxide film dissolution, film destabilization by halide complexation, localized corrosion cells (pits, crevices, thin films, or droplets), and solution acidification via metal ion hydrolysis all find a need for analysis by chemical stability diagrams. 43, [45] [46] [47] [48] Some corrosion inhibitor technologies, which rely on the formation of a protective film via chemical storage, release, and subsequent chemical deposition, could benefit greatly from these types of analyses as well. For example, lead pipe water distribution systems are made safer via treatment with phosphate inhibitors. 49, 50 Additionally, corrosion protection of aerospace assets was made possible in large part due to the corrosion inhibition afforded by chromium conversion coatings (CCC). [51] [52] [53] [54] With the growing demands for CCC alternatives, other inhibitor solutions (such as, molybdenum and cerium systems) are being heavily researched. 21, 22, [55] [56] [57] [58] [59] [60] The storage, release, and deposition of these inhibitor species is dependent upon pH, and the critical inhibitor concentration is usually dependent on metal ion concentration in solution. Chemical stability diagrams find application in all of these examples.
Chemical stability diagrams were utilized to explore how various factors affect the final equilibrium condition of corroding electrochemical systems. Diagrams were constructed based on a type of analysis which has existed for many years but which was developed further here for corroding systems. A modified approach was established for predicting the equilibrium conditions for corrosion product formation and how solution chemistry likely evolves during corrosion to achieve this equilibrium in terms of pH and metal ion concentration, which is applicable to various materials in a variety of testing conditions pertinent to corrosion. Strategies were developed from the chemical stability diagram as follows: • A mathematical expression was developed which describes the pH and [M n+ ] dissolution-based chemical trajectory of a corroding system as a function of binary alloying composition which could be extended for a larger number of components. The chemical trajectory and final equilibrium of an element is altered from the single-component case when alloys are considered. The final condition of equilibrium for both elements in this case does not vary significantly with modest changes in alloy composition and initial pH.
• A strategy was developed for determining how two different elements are able to evolve towards equilibrium which satisfies the equilibrium conditions for both systems. It was found that the element with the stricter requirement of pH and [M n+ ] for equilibrium dictated the final solution chemistry.
• A mathematical expression was developed that describes how different pH buffering species (ammonia and carbonate) alter the chemical trajectory of a corroding system. The presence of a buffering agent requires a greater production of [M n+ ] in order to cause the same change in pH relative to the evolution of a system in the absence of a buffering agent.
• A mathematical expression was developed which describes the equilibrium pH and [M n+ ] required for formation of metal carbonate compounds. This expression can be adapted for other pHdependent metal-based compounds (carbonates, phosphates, sulfates, etc.). Carbonate compounds are more stable at higher pH values and may very well be the preferred thermodynamic corrosion product formed in atmospheric exposure.
METHODS

Construction of the diagrams
As with any phase diagram, expressions must be developed that describe the dependence of free energy on the specific variables of interest. For chemical stability diagrams, conditions of equilibrium must be described as a function of pH, metal ion activity, and temperature (298 K was considered here). Equilibrium boundaries (thick solid lines) between metal ion species and solid metal compounds are constructed from thermodynamic equations that relate the equilibrium stability of various species to pH (H + /OH − ion concentration) and [M n+ ]. Chemical stability diagrams can also depict chemical trajectory paths (thin and long dashed lines) that plot the evolution of metal ion concentration and pH within a log[M n+ ] vs. pH space field as the system progresses from some initial condition to an equilibrium condition. The following generalized procedure was utilized to construct basic equilibrium and trajectory lines for chemical stability diagrams; more advanced treatments are evaluated in the Discussion:
1. Equilibrium boundaries were constructed from relevant chemical potential data for species and compounds under consideration. Lange's Handbook of Chemistry was the source of all thermodynamic data used in this study. 61 Charge-and-mass-balanced equations were derived to quantify the equilibrium metal ion concentration as a function of pH (for example, Eq. 7). Examples of compounds that can be considered are oxides, hydroxides, sulfates, and chlorides. These lines can express the equilibrium condition between two aqueous ions or an aqueous ion and a compound (Eq. 8). 6 Equilibrium boundaries accurately describe the equilibrium condition between two species and are valid for one particular equilibrium reaction condition. By overlaying multiple equilibrium boundaries for various types of metal-X compounds, one can correctly describe a system for any set of solution chemistry conditions with careful consideration. The inherent weakness with any thermodynamic diagram is demonstrated in the case where a set of equilibrium conditions/reactions are not considered when they should be (this is highlighted in Case-Study III). ]. It is apparent that the final equilibrium condition of a system depends upon the initial solution chemistry, and that the equilibrium Mg-compound produced upon Mg(OH) 2 or MgO dissolution will be Mg(OH) 2 , as it is far more stable than MgO in aqueous environments (Fig. 1) 
